The insulin-like growth factors and hystricomorph insulins have been modelled by interactive computer graphics on the assumption that their sequence homology to insulin implies that they will have a similar tertiary structure. These studies suggest that, although the insulin-related molecules can adopt the insulin fold, they are unlikely to form hexamers and if they form dimers they will be of reduced stability. The non-suppressibility of insulin-like growth factors by anti-insulin anti bodies is explained in terms of differences of surface residues in the region A8-A10 and B l-B S . Receptor affinity of insulins and insulin-like growth factors for insulin receptors is explicable in terms of a receptor-binding site in the vicinity of B25 Phe on the insulin surface. An equivalent region around B2S Tyr of insulin-like growth factors may be responsible for their binding to type 1 receptors, although binding type 2 receptors must involve a different surface region not shared by insulin.
E. Dafgard an d others
have reduced affinity for insulin receptors and have some similarities to the insulin like growth factors. Table 1 shows the sequences of some representative insulins, including those from mammalian, reptilian, avian, teleost, elasmobranch, cyclostome and hystricomorph sources. The residues that are conserved in this family include the three cystine bridges, glycines at residues B8 and B23 that allow turns in the main chain, and the residues contributing towards the hydrophobic core: A2 lie, A16 Leu, B12 Val, B15 Leu, B24 Phe (Blundell, Dodson, Hodgkin & Mercola, 1972; Blundell & Humbel, 1980) . The alignment of IG F I and IG F II with these sequences (Table 1) shows that these residues are all conserved in the growth factors (Blundell et al. 1978 (Blundell et al. , 1983 Blundell & Humbel, 1980) . This implies that the homologous regions of the IG F s may assume conformations identical to those defined by the X-ray analysis of insulin. The short connecting peptides (Table 2 ) of the IG F s are eight and twelve residues in length but they can easily span the short distance between residues B30 and A l in the three-dimensional structure of insulin. We have modelled their main-chain conformations using predicted secondary structures that were consistent with a close packing with the body of the globular insulin-like molecule (see Blundell et al. 1978, for a discussion). The conformations of the D-peptides were modelled in a similar way. The IG F I molecule was originally modelled using plastic model parts (Blundell et al. 1978) , but both insulin-like growth factors were later modelled using interactive computer graphics (Blundell et al. 1983) . The orientations and confor mations of surface side-chains were placed using the insulin side-chain positions as guides but optimizing side-chain interactions including hydrogen bonds, ion pairs and van der Waals' contacts. For example, the sequence of rat IG F II (or M SA) has a serine at B20 (Marquardt et al. 1981) . In most insulins this is glycine, which allows torsion angles (positive (j) values) in the main chain that are less favourable for L amino acid side-chains. We have found that the main chain in this region can be remodelled with small local conformational changes to accommodate this substi tution. However, it is possible that the conformation is not different from that of porcine insulin, although it would be of higher energy. The orientations and conformations of surface side-chains were placed using the insulin side-chain positions as guides but optimizing side-chain interactions including hydrogen bonds, ion pairs and van der Waals' contacts. Finally, both structures were refined to minimize their energies. The models are shown schematically in Figs 1 and 2. The recently identified variations in the length of the C-peptide of IG F II molecules are also compatible with these models (Jansen et al. 1985; Zumstein, Luthi & Humbel, 1985) . At the present time these models must be considered as approximate although their excellent internal consistencies (close-packed hydrophobic core, low-energy conformations etc.) are strong indications of their correctness.
C O M P U T E R -A I D E D M O D E L L I N G O F I N S U L I N -L I K E G R O W T H F A C T O R S
As the crystal structures of only porcine, bovine, human and hagfish insulins have been defined at high resolution by X-ray analysis, we have carried out similar model building studies of some other representative insulins including those from an elasmobranch, the dogfish (Bajaj et al. 1983) and some hystricomorphs including guinea pig (Horuk et al. 1980 ), casiragua (Blundell & Horuk, 1981 , coypu (Bajaj, 1984; Bajaj et al. 1985) and cuis (Bajaj, 1984; Bajaj, Blundell, Waterfield & Wollmer, unpublished data) . Although the cystine residues, glycines at B8 and B23, and the hydrophobic core residues are all conserved, there are several substitutions in the hystricomorph insulins that present difficulties and may indicate small confor mational differences. As in rat IG F II (M SA), there is a variety of residues other than glycine at B20, including glutamine (guinea pig), lysine (casiragua and cuis) and arginine (coypu). In a similar way to rat IG F II these may assume the same conformation as the B20 Gly, in which case the energy will be increased, or there may be a small local rearrangement in the conformation, which we believe to be most probable. The substitution of B26 Tyr, which is found in most insulins, by an arginine in casiragua and coypu and by a serine in cuis, may cause small local rearrangements in the adjacent core, but can be accommodated because B26 Tyr is not a completely inaccessible residue. This is consistent with the circular dichroism of casiragua, coypu and cuis insulins, which indicate only small differences in the main-chain conformations compared to porcine insulin (Horuk et al. 1980a,6 ; Bajaj, Blundell & Wood, 1984) . However, substitution of the surface B22 Arg by aspartate in porcupine and guinea pig insulins leads to a loss of the ion-pair interaction with the neighbouring COOH terminus of the A-chain, and introduces a destabilizing negative charge when both residues are ionized. Thus guinea pig (Wood et al. 1975) and porcupine (Horuk et al. 1979) insulin circular dichroism spectra are greatly altered at neutral pH where the B22 Asp would be deprotonated, but the spectra become more insulin-like at lower pH. Our computer graphics models (e.g. see Fig. 3 ) are consistent with these experimental data.
Porcine, bovine and human insulins associate to dimers and in the presence of zinc ions to hexamers. Spectroscopic and sedimentation data indicate that avian, teleost, elasmobranchial and most other insulins can also form dimers and hexamers although the dogfish (elasmobranch) insulin appears to form hexamers more weakly (Bajaj et al. 1983) . On the other hand, hagfish (cyclostome) insulin forms only dimers (Falkmer & Emdin, 1981) . These data can be rationalized in terms of maintenance of complementary sets of side-chain residues on surfaces that become inaccessible in the zinc hexamers (Blundell & Wood, 1975) . In fact the residues on the periphery of the surfaces involved in hexamer formation at B l -B3 are quite variable in the lower vertebrates. In the elasmobranch the presence of a phenylalanine at B17 probably accounts for the instability of the zinc hexamers (Bajaj Numbers of residues involved in formation of insulin dimers are overlined; those involved in hexamer formation are underlined; those involved in receptor binding are boxed; other possible receptor residues are encircled. Residues in the human insulin sequence that are conserved in all insulins and IG Fs are encircled. Gaps are introduced to maximize homology. 
On

Insulin-like growth factors and insulin
Comparison o f the C-peptide sequences o f the insulin-like growth factors (IG F I and IG F II) with that o f porcine proinsulin
Amino acid no. 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8 2 9 3 0 3 1 3 2 Porcine Glu Ala Glu Asn Pro Gin Ala Gly Ala Val Glu Leu Gly Gly Gly Leu Gly _ Gly -Leu Gin Ala Leu Ala Leu Glu Gly Pro Pro Gin - T h e central residues responsible for hexamer formation include BIO His, which binds zinc ions, and B14, B17, B20 and A13, which are involved in close-packed hydrophobic interactions. In hagfish insulin, the absence of hexamers is accounted for by the substitution of BIO as aspartate, although the surface is retained as hydrophobic but conservatively varied. In the insulins from the hystricomorphs, guinea pig, cuis, coypu and casiragua the BIO His is also substituted (by asparagine or glutamine), accounting for their inability to form hexamers, and the monomer is further stabilized by larger or more hydrophilic residues at B14 (T h r), B17 (Ser or Val), B20 (G in, Lys or Arg) and A13 (Arg or Ser) (Bajaj et al. 1984) . T h e insulin like growth factors have substitutions at both BIO (G lu) and B14 (T h r, only in IG F I I ) , and B17 (Phe), indicating that they also do not bind zinc. Zinc insulin hexamers appear to have an intracellular role in transport and storage within the B-granules of the pancreas. It appears therefore that this is a recently evolved aspect of insulin's molecular action (Blundell et al. 1972) and is unnecessary for receptor affinity. Its loss in the hystricomorph insulins is therefore not catastrophic. T h e inability of insulin-like growth factors to form hexamers is not unexpected as these are not stored in granules before release into the circulation (for a review, see Froesch et al. 1979) .
T h e ability to form dimers is mediated by hydrophobic interactions involving B12 Val, B16 T y r, B24 Phe, B25 Phe and B26 T y r in addition to hydrogen bonding between the antiparallel /3-strands B 2 4 -B 2 6 of each molecule. These are retained or very conservatively varied (e.g. B16 T y r -> Phe in reptiles and B25 P he-» T y r in reptiles and elasmobranchs) in all insulins except the hystricomorphs where the topologically equivalent residue to B26 in our models is arginine or serine in casiragua, coypu and cuis. This explains the inability of these insulins to form dimers (Bajaj et al. 1984) . T h e porcupine and guinea pig insulins are also unable to dimerize at neutral pH but this appears to be due to the conformational changes noted above; the ability to dimerize is almost certainly restored at low pH when the conformation becomes more porcine-insulin-like (Wood, 1976; H orukefa/. 1979) . For the insulin like growth factors, the most radical change in the dimer-forming residues is the substitution of glutamine for tyrosine at B16. Otherwise B25 (P h e-» T y r) and B26 (T y r -> Phe) are relatively conservative substitutions. We conclude that insulin-like growth factors may have a reduced ability to form dimers.
Of the 51 residues in the human insulin molecule, substitutions have been accepted at between 16 and 20 positions in the guinea pig, cuis, coypu and casiragua compared to seven or less in the closely related hystricomorph, the chinchilla, and other mammal insulins. Much of this variation is in the residues involved in oligomer formation, which accounts for the differences being greater in extent between hystricomorph and human insulins, than between the fish and human insulins (16 substitutions). In a similar way, differences in sequence between both hagfish insulin (19 substitutions) and the human insulin-like growth factors (26 and 27 substitutions) when compared with human insulin are partly accounted for by probable differences in oligomer formation. 
ANTIGENICITY
When antibodies to human or porcine insulin are raised in rabbits they appear to be mainly directed at a surface region involving A8-A10 and the adjacent B l -B4 (see Blundell et al. 1972 , for a review), although in guinea pigs there appear to be two types, one of which binds a similar region and the other a region involving A l, A 19, B22 and surrounding residues (Arquilla, Bromer & Mercola, 1969) . T h is reflects differences in self-association of guinea pig insulin, the further differences in surface residues and possibly the disturbed conformation of the guinea pig insulin itself. T h e significant differences between both human and bovine insulins and insulin-like growth factors in this region are consistent with the inability of insulin-like growth factors to bind anti-insulin antibodies (see Fig. 2 ).
RECEPTOR BINDING
Comparative studies of the receptor binding of different insulins to insulin receptors on a variety of cells have suggested that a conservatively varied region is involved in receptor recognition and binding (Blundell et al. 1971 (Blundell et al. , 1972 Pullen et al. 1976; Dodson, Dodson, Hodgkin & Reynolds, 1979) . T h is appears to include surface residues in the vicinity of B25 Phe. T h e low affinity of coypu, casiragua and cuis insulins for the insulin receptor is probably due to the substitutions of B26 T h r by arginine or serine. T h e reduced affinity of guinea pig and porcupine insulins may be a consequence of the substitution of B22 Arg by an aspartate directly, or indirectly through the conformational change induced. T h e low affinity of proinsulin for insulin receptors must be due to the long connecting peptide that covers part of the receptor binding region. Fig. 2 shows that some of the receptor binding region of insulin is conserved in the insulin-like growth factor models, although the substitution of B25 Phe^> T y r may lead to a decrease in affinity. More significantly, the C-and D-peptides are arranged on the surface close to this region and these may further interfere with receptor affinity in the same way as the connecting peptide of proinsulin.
Consideration of the affinity of the insulin-like family of growth factors and hormones to the type 1 receptors is more difficult in the absence of extensive binding data of the kind available for insulin receptors. However, the fact that insulin binds, albeit weakly, to such receptors, implies that part of the topologically equivalent region in insulins and growth factors must be involved. It is an attractive hypothesis that a similar region of the insulin-like growth factors is involved, which includes B25 T y r and the adjacent surface residues including part of the C-and D-peptides (King et al. 1982) . In this case it is possible that coypu, casiragua and dogfish insulins might bind more strongly to type 1 receptors. This is consistent with the ability of the hystricomorph insulins to stimulate thymidine incorporation to a greater maximum than other mammalian insulins (King & Kahn, 1981; Bajaj, 1984; Bajaj et al. 1984) , although this was not confirmed by the work of King, Kahn & Heldin (1983) . Other residues in the B-chain that reduce oligomer formation in both insulin like growth factors and some hystricomorph insulins may also be involved in binding type 1 receptors.
The observation that insulins do not bind to IG F type II receptors (Czech et al. 1984) implies that these receptor interactions are mediated by a very different region possibly involving the C-and D-peptides and other residues that are unique to the insulin-like growth factors.
N E W A P P R O A C H E S T O T H E U N D E R S T A N D I N G O F R E C E P T O R I N T E R A C T I O N S
Of course the ultimate description of hormone and growth factor-receptor interactions will come from a study of the direct binding to the purified receptors, which now seems possible. We are pursuing this attractive possibility by isolating and characterizing complexes between the hormones and growth factors and the receptor binding domains, which appear to be largely extrinsic to the membrane. Such complexes may be studied by both nuclear magnetic resonance and X-ray techniques.
In the meantime other approaches may be helpful in further defining receptor interactions. Site-specific mutagenesis combined with recently developed computeraided design appears to offer particular advantages. At Birkbeck we have clones of proinsulin, IG F I and IG F II, which we can engineer using mismatch priming and express in Escherichia coli to give specifically substituted growth factors and hormones. The location and nature of the engineered changes is aided by computer graphics techniques, which enable volumes of the molecular structures to be mapped onto a three-dimensional bit grid in the computer and compared using logical operations such as 'and' to get inclusive volumes and surfaces, 'and not' to get differences etc. (Honegger & Blundell, 1983) . These methods can be used to compare molecular topographies of natural and engineered molecules and correlated with biological data on the recombinant DNA molecules. J a n s e n , M . , V a n S c h a ik , F . M . A ., V a n T o l , H . , V a n d e n B r a n d e , J . L . & S u s s e n b a c h , J . S . (1985) . 
